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(54) A dual beam tunable spectrometer 

(57) A dual beam tunable spectrometer comprises a 
radiation source, generating means, a detector, and a 
shutter arrangement. The radiation source generates an 
incident radiative beam. The generating means, which 
includes an acousto-optic tunable filter, receives the inci- 
dent radiative beam and generates therefrom a refer- 
ence beam and a sample beam. The detector detects at 
least part of the reference beam, and detects at least 
part of the sample beam emitted from a sample following 
illumination of the sample with the sample beam. The 

10 



shutter arrangement includes a first shutter selectively 
permitting passage therethrough of the part of the refer- 
ence beam and a second shutter selectively permitting 
passage therethrough of the part of the sample beam. 
The shutter arrangement opens the first shutter and 
closes the second shutter to permit the detector to detect 
only the part of the reference beam. Similarly, the shutter 
arrangement closes the first shutter and opens the sec- 
ond shutter to permit the detector to detect only the part 
of the sample beam. 
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Description 

Background of the Invention 

Optical spectrometers are utilized to quantitatively 
measure the concentration of a variety of analytes. Opti- 
cal spectrometers utilize that portion of the spectrum 
commonly known as ultraviolet visible, and infrared radi- 
ation. There are two types of commonly used spectrom- 
eters: reflectance spectrometers and transmittance 
spectrometers. 

Reflectance spectrometers measure the concentra- 
tion of a analyte when a sample absorbs and scatters 
portions of a sample beam. The portion of a sample 
beam that is not absorbed or transmitted is reflected from 
the sample into a detector and measured. The difference 
between the reflected sample beam and a reference 
beam quantitatively indicates the concentration of the 
analyte in the sample. 

Similarly, transmittance spectrometers measure the 
concentration of a analyte when a sample absorbs a por- 
tion of a sample beam. However, the sample does not 
reflect the sample beam into a detector. Rather, a portion 
of the sample beam is absorbed as it travels through the 
sample. The difference between the transmitted sample 
beam and a reference beam quantitatively indicates the 
concentration of the analyte in the sample. 

Spectrometers typically employ a radiation source 
that produces radiation with a wide frequency distribu- 
tion. Tungsten filament lamps or deuterium lamps are 
commonly used radiation sources that produce ultravio- 
let (UV) t visible and some infrared radiation (IR). A 
desired wavelength is selected through the use of filters, 
diffraction gratings, prisms, acousto-optic tunable filters 
and other means. 

An acousto-optic tunable filter (AOTF) diffracts light 
through a sound-light interaction. This phenomenon is 
described by Professor Chieu D. Tran in Anal. Chem., 
64:20, 971-981 (1992), incorporated herein by refer- 
ence. Briefly, an AOTF is a transparent medium (e.g. 
quartz, tellurium dioxide (TeO;*)) in which an acoustic 
wave can be propagated. The index of refraction of the 
transparent medium is perturbed by the acoustic wave 
as it propagates through the medium. The perturbation 
in the index of refraction arises from compression and 
rarefaction of the transparent material caused by the 
traveling acoustic wave. As a incident light beam passes 
through the transparent medium, the propagating acous- 
tic wave produces a moving grating that diffracts portions 
of the incident light beam. An AOTF can be constructed 
such that only the first-order Bragg diffraction is 
observed. When only the first-order Bragg diffraction pat- 
tern is observed, two first-order beams with relative 
orthogonal polarizations are produced. Typically, the 
acoustic wave is transduced in the transparent medium 
by applying a radio frequency (RF) signal in the mega- 
hertz region to a piezoelectric transducer attached to the 
crystalline transparent medium. The use of a acousto- 
optic tunable filter (AOTF) to diffract a wide frequency 



light source to a desired frequency is advantageous in 
that the desired frequency can be obtained almost 
instantaneously, on the order of microseconds, by tuning 
the AOTF with a proper RF signal. 
5 Spectrometers which utilize a acousto-optic tunable 

filter are known. U.S. Patent No. 5.039,855 to Kemeny 
et al. describes a dual beam transmittance spectrometer 
which utilizes an acousto-optic tunable filter. Kemeny 
isolates two radiation beams from a AOTF and utilizes 
io one beam as a reference beam and a second beam to 
analyze a sample (sample beam). Kemeny employs one 
detector to measure the reference beam and a second 
detector to measure the sample beam. To obtain accu- 
rate readings in spectrometers thai use two detectors, 

is the detectors must be matched because the difference 
between the sample beam and the reference beam 
measures the analyte of interest. There is a need for a 
dual beam transmittance spectrometer with one detector 
capable of measuring both a reference beam and a sam- 

20 pie beam. 

Reflectance spectrometers are known and are avail- 
able commercially. Typically, in a reflectance spectrom- 
eter, a sample is illuminated at one angle relative to the 
sample and the reflectance is detected at a second angle 

25 relative to the sample. This configuration is preferably 
designed to reject specular and surface reflections from 
the sample so as to minimize the amount of noise reach- 
ing the detector and enhance the sensitivity of the spec- 
trometer. Reflectance spectrometers available today are 

30 not capable of illuminating a sample at a ninety degree 
angle relative to the sample and detecting the reflect- 
ance from the sample at the same ninety degree angle 
relative to the sample. Thus, there is a need for a reflect- 
ance spectrometer capable of illuminating the sample 

35 and detecting the reflectance from the sample at the 
same angle (ninety degrees) relative to the sample and, 
at the same time, capable of minimizing the amount of 
specular and surface reflections reaching the detector. 
In addition, there is a need for a reflectance spectrometer 

40 that utilizes one or both of the orthogonally-polarized 
first-order beams from a AOTF. 

Summary of the Invention 

45 In one particular embodiment, the present invention 
provides a dual beam tunable spectrometer comprising 
a radiation source, generating means, a detector, and a 
shutter arrangement. The radiation source generates an 
incident radiative beam. The generating means, which 

so includes a acousto-optic tunable filter, receives the inci- 
dent radiative beam and generates therefrom a refer- 
ence beam and a sample beam. The detector detects at 
least part of the reference beam, and detects at least 
part of the sample beam emitted from a sample following 

55 illumination of the sample with the sample beam. The 
shutter arrangement includes a first shutter selectively 
permitting passage therethrough of the part of the refer- 
ence beam and a second shutter selectively permitting 
passage therethrough of the part of the sample beam. 
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The shutter arrangement opens the first shutter and 
closes the second shutter to permit the detector to detect 
only the part of the reference beam. Similarly, the shutter 
arrangement closes the first shutter ad opens the second 
shutter to permit the detector to detect only the part of 5 
the sample beam. 

Brief Description of the Drawings 

FIG. 1 is a schematic diagram of a dual beam tuna- 10 
ble spectrometer, in accordance with the present 
invention, capable of taking either transmission or 
reflection measurements; 

FIG. 2 is a schematic diagram of an alternative dual 
beam tunable spectrometer, in accordance with the 15 
present invention, capable of taking reflection meas- 
urements; and 

FIG. 3 is a perspective view of a polarizing beam 
splitter cube employed in the spectrometer in FIG. 2. 

20 

While the invention is susceptible to various modifi- 
cations and alternative forms, a specific embodiment 
thereof has been shown by way of example in the draw- 
ings and will herein be described in detail. It should be 
understood, however, that it is not intended to limit the 25 
invention to the particular forms disclosed, but on the 
contrary, the intention is to cover all modifications, equiv- 
alents, and alternatives falling within the spirit and scope 
of the invention as defined by the appended claims. 

30 

Detailed Description of the Preferred Embodiments 

Turning now to the drawings, FIG. 1 illustrates a dual 
beam tunable spectrometer 10 capable to taking either 
transmission measurements through a sample or ref lec- 35 
tion measurements from the sample. The spectrometer 
10 includes an artificial radiation source 12, a acousto- 
optic tunable filter (AOTF) 14, a shutter system having a 
pair of mechanical or electro-optic shutters 16, 18, a pair 
of beam splitter cubes 20, 22, and a detector 24. The 40 
foregoing elements of the spectrometer 10 are described 
in detail below in conjunction with the description of the 
operation of the spectrometer 10. 

The artificial radiation source 12 preferably emits 
controlled radiation having a broad spectral output. 45 
Examples of artificial radiation sources meeting these 
criteria include deuterium discharge tubes, incandes- 
cent lamps (e.g., tungsten filament), halogen lamps, flu- 
orescent lamps, and lasers. To collimate the radiation 
emitted from the radiation source 12, a collimating lens so 
26 or other suitable collimating device is mounted adja- 
cent the radiation source 12. To most effectively focus 
the radiation from the radiation source 12 into a parallel 
beam, the radiation source 1 2 is positioned near the prin- 
cipal focus (focal point) of the collimating lens 26. The 55 
collimating lens 26 is commercially available as part no. 
01 LPX 017 from Melles Griot of Irvine, California. 

In response to a radio frequency (RF) tuning signal 
from an RF source 28, the AOTF 1 4 diffracts the incident 



collimated radiative beam to a desired wavelength in the 
light spectrum. A control unit 30 controls the frequency 
of the RF signal emitted from the RF source 28. The opti- 
cal output from the AOTF 1 4 includes a zero-order beam 
and a pair of orthogonally-polarized first-order beams. 
The wavelength of the first-order beams is inversely pro- 
portional to the wavelength of the RF tuning signal. Thus, 
the longer the wavelength of the RF tuning signal, the 
shorter the wavelength of the first-order beams. The RF 
tuning signal may be varied such that the first-order 
beams have a wavelength falling within the ultraviolet, 
visible, or infrared spectrum. The AOTF 14 is commer- 
cially available as part no. TEAF-.08-1 .65 from Brimrose 
Corporation of Baltimore, Maryland. 

One of the first-order beams emitted from the AOTF 
14 is focused by a converging lens 32 onto the beam 
splitter cube 20. The zero-order beam and the otherf irst- 
order beam are absorbed by respective radiation absorb- 
ers or beam stops (not shown). As viewed in FIG. 1 , the 
angled face of the splitter cube 20 reflects a first portion 
("reference portion") of the AOTF first-order beam 
upward toward the shutter 16 and transmits a second 
portion ("sample portion") of the AOTF first-order beam 
toward a sample. The reference portion preferably con- 
stitutes approximately 5 to 10 percent of the AOTF first- 
order beam, while the sample portion constitutes the 
remainder of the AOTF first-order beam. Alternatively, 
the beam splitter cube 20 may be configured so that the 
reference portion constitutes up to 50 percent of the 
AOTF first-order beam and the sample constitutes the 
remainder of the AOTF first-order beam. By controlling 
the pair of shutters 1 6, 1 8 so that only one of these shut- 
ters is open at a given time, the detector 24 separately 
takes reference and sample measurements. The shut- 
ters 16, 18 are each commercially available as part no. 
VS14SIT0K from Vincent Associates of Rochester, New 
York. 

To take reference measurements, the shutter sys- 
tem opens the shutter 1 6 and closes the shutter 1 8. The 
reference portion reflected from the beam splitter cube 
20 is focused by a converging lens 34 onto the second 
beam splitter cube 22. If the lens 34 is symmetrical about 
a horizontal plane passing through the center of the lens 
34 (as viewed in FIG. 1), the lens 34 is located approxi- 
mately half-way between the splitter cube 20 and the 
splitter cube 22. Since the shutter 16 is open and the 
shutter 18 is closed, the only radiation impinging on the 
splitter cube 22 is the reference portion of the AOTF first- 
order beam. The angled face of the splitter cube 22 
reflects approximately 5 to 10 percent of the reference 
portion toward the detector 24 and transmits the remain- 
der of the reference portion to a radiation absorber (not 
shown). The splitter cube 22, as well as the splitter cube 
20, are commercially available from CVI Laser Corpora- 
tion of Albuquerque, New Mexico. 

The detector 24 detects the reflected part of the ref- 
erence portion. In the preferred embodiment, the detec- 
tor 24 is an InGaAs (indiur\gallium-arsenide) detector 
focusing on the infrared spectrum and having a built-in 
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amplifier to minimize noise interference. Such a detector 
is commercially available as part no. SD 6085 from 
Advanced Photonics of Camarillo, California. Other suit- 
able detectors include photomuftiplier tubes, charge- 
couple devices, diode-array detectors, and germanium 5 
detectors. The control unit 30, which is communicatively 
coupled to the detector 24, measures the amount of radi- 
ation detected by the detector 24. For typical reference 
readings, the shutter 16 remains open and the shutter 
1 8 remains closed for a few seconds or less. 10 

To take sample measurements, the shutter system 
simultaneously closes the shutter 1 6 and opens the shut- 
ter 18. In this case, the closed shutter 16 prevents any 
of the reference portion of the AOTF first-order beam 
from reaching the detector 24. The sample portion of the 15 
AOTF first-order beam (i.e., the portion of the AOTF first- 
order beam transmitted straight through the beam split- 
ter cube 20) is focused by a converging lens 36 into an 
optical fiber 38. To maximize the amount of sample por- 
tion radiation received by the optical fiber 38, the input 20 
end of the optical fiber 38 is preferably located at or near 
the focus of the lens 36. If the lens 36 is symmetrical 
about a vertical plane passing through the center of the 
lens 36 (as viewed in FIG. 1), the lens 36 is located 
approximately half-way between the detector 22 and the 25 
input end of the optical fiber 38. 

The optical fiber 38 transmits the sample portion of 
the AOTF radiative first-order beam toward a sample, 
while a second optical fiber 40 receives radiation from 
the sample. The optical fibers 38, 40 are mounted in 30 
respective housings (not shown) to provide them with 
support. The manner in which the optical fiber 40 
receives radiation from the sample depends on whether 
the spectrometer 10 is configured for reflection or trans- 
mission measurements. For transmittance readings, the 35 
sample is interposed between the output end of the opti- 
cal fiber 38 and the input end of the optical fiber 40. The 
optical fiber 38 directs the sample portion of the AOTF 
first-order beam toward the sample, and the optical fiber 
40 receives on the opposite side of the sample that por- 40 
tion of the radiative beam which is transmitted through 
the sample to the input end of the optical fiber 40. 

For reflectance readings, the output end of the opti- 
cal fiber 38 and the input end of the optical fiber 40 are 
located on the same side of the sample. In the preferred 45 
embodiment, the optical fiber 38 emits a radiative beam 
at a ninety degree angle relative to the sample and the 
optical fiber 40 receives the radiation reflected from the 
sample at a scattering angle of 45 degrees relative to the 
sample. Such a configuration for reflectance readings is so 
illustrated in U.S. Patent No. 4,890.926 to Dosmann et 
al. The scattering angle is measured between a line rep- 
resenting the direction of travel of the incoming radiation 
from the optical fiber 38 to the sample and a line repre- 
senting the direction of travel of the reflected radiation 55 
from the sample to the optical fiber 40. While other scat- 
tering angles may be used, it is well-known in the art that 
a scattering angle of 45 degrees is most efficient 



For both transmittance and reflectance arrange- 
ments, the radiation received by the optical fiber 40 from 
the sample is emitted from the optical fiber 40. toward the 
beam splitter cube 22. Since the emitted radiation tends 
to diverge, a converging lens 42 is positioned between 
the splitter cube 22 and the optical fiber 40 to focus the 
radiation onto the detector 20 via the splitter cube 22. As 
previously stated, the shutter 1 8 is open to allow the radi- 
ation to pass therethrough. The splitter cube 22 and the 
output end of the optical fiber 40 are disposed in line with 
each other on opposite sides of the lens 42. Moreover, 
since the lens 42 is symmetrical about a vertical plane 
passing through the center of the lens 42 (as viewed in 
FIG. 1), the lens 42 is located approximately half-way 
between the detector 20 and the output end of the optical 
fiber 40. 

The splitter cube 22 transmits approximately 90 to 
95 percent of the radiation from the sample toward the 
detector 24, and reflects the remainder of the radiation 
upward toward the radiation absorber (not shown). The 
amount of detected radiation is measured by the control 
unit 30, which compares the detected radiation from the 
sample with the previously measured reference value to 
quantitatively determine the concentration of a targeted 
analyte in the sample. The wavelength of the AOTF first- 
order beam is determined by the analyte in the sample 
being targeted. In particular, the RF tuning signal from 
the RF source 28 is selected so as to diffract a radiative 
beam incident on the AOTF 1 4 to wavelength(s) encom- 
passing the absorption wavelength(s) of the targeted 
analyte. 

It can be seen from the foregoing description that 
the spectrometer 10 is capable of mating both transmit- 
tance and reflectance measurements using only one 
first-order beam from the AOTF 14. The beam splitter 
cube 20 splits this first-order beam into both the refer- 
ence beam and the sample beam. Furthermore, the 
spectrometer 10 employs on the single detector 24 for 
detecting both the reference beam and the sample 
beam. The shutters 1 6, 1 8 are controlled so that only one 
of these two beams reaches the detector 24 at any given 
time. 

FIG. 2 illustrates an alternative spectrometer 100, in 
accordance with the present invention, capable of taking 
reflectance readings. This reflectance spectrometer 1 00 
includes an artificial radiation source 102, an acousto- 
optic tunable filter (AOTF) 104, a shutter system having 
a pair of mechanical or electro-optic shutters 106, 108, 
a polarizing beam splitter cube 1 10, and a detector 112. 
The foregoing elements of the spectrometer 100 are 
described in detail below in conjunction with the descrip- 
tion of the operation of the spectrometer 100. 

The radiation source 102 emits controlled radiation 
having a wide frequency distribution toward the AOTF 
104. Suitable radiation sources include deuterium dis- 
charge tubes, incandescent lamps (e.g., tungsten fila- 
ment), halogen lamps, fluorescent lamps, and lasers. A 
collimating lens 114 or other suitable collimating device 
is situated between the radiation source 102 and the 
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AOTF 104 so as to collimate the radiation prior to reach- 
ing the AOTF 104. To most effectively focus the radiation 
from the radiation source 102 into a parallel beam, the 
radiation source 102 is positioned near the principal 
focus (focal point) of the collimating lens 114. Like the 
collimating lens 26 in FIG. 1 , the collimating lens 1 14 is 
commercially available as part no. 01 LPX 017 from 
Melles Griot of Irvine, California. 

When the collimated radiative beam passes through 
the AOTF 1 04, the AOTF 1 04 process the radiative beam 
into a zero-order beam and a pair of orthogonally-polar- 
ized first-order beams. An RF tuning signal from the RF 
source 116 controls the wavelength of the first-order 
beams, and the frequency of the RF tuning signal is, in 
turn, controlled by the control unit 118. The RF tuning 
signal may be varied such that the pair of first-order 
beams from the AOTF 104 have a wavelength falling 
within the ultraviolet, visible, or infrared spectrum. The 
RF signal is selected so that the first-order beams from 
the AOTF 104 have a wavelength(s) encompassing the 
absorption wavelength(s) of the targeted anaiyte in the 
sample. Like the AOTF 14 in FIG. 1, the AOTF 104 is 
commercially available as part no. TEAF-.80-1.65 from 
Brimrose Corporation of Baltimore. Maryland. 

A plano-convex lens 119 directs the zero-order 
beam toward a beam stop 120, which absorbs the zero- 
order beam. Furthermore, the lens 1 19 directs one of the 
first-order beams (the "reference beam") toward the 
shutter 106 and directs the other first-order beam (the 
"sample beam") toward the shutter 108. By controlling 
the shutters 106, 108 so that only one of these shutters 
is open at any given time, the detector 112 separately 
takes reference and sample measurements. The lens 
1 19 is commercially available as part no. LPX 084 from 
Melles Griot of Irvine, California, and the shutters 106, 
108 are each commercially available as part no. 
VS143SIT0K from Vincent Associates of Rochester, 
New York. 

To take reference measurements, the shutter sys- 
tem opens the shutter 106 and closes the shutter 108. 
The open shutter 1 06 allows the reference beam to pass 
therethrough, while the closed shutter 108 prevents the 
sample; beam from passing therethrough. The reference 
beam is focused by a converging lens 122 onto the 
detector 1 1 2 via a conventional mirror 1 24 and the polar- 
izing beam splitter cube 1 10. As the mirror 124 receives 
the reference beam from the direction of the lens 122, 
the mirror 124 reflects the reference beam in the direc- 
tion of the polarizing beam splitter cube 110. Referring 
to FIG. 3, the polarization of the reference beam is par- 
allel to the plane of incidence of the splitter cube 110, 
where the plane of incidence is defined as a plane con- 
taining the direction of propagation of the reference 
beam striking the beam splitting face 126 and a line per- 
pendicular to that beam splitting face 126. As defined by 
the beam splitting face 1 26, this polarization is commonly 
referred to as a "P" polarization. As viewed in FIG. 2, the 
plane of incidence is the plane of the page and the "P" 
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polarization of the reference beam is parallel to the plane 
of the page. 

The angled face 126 of the polarizing beam splitter 
110 reflects approximately 5 to 1 0 percent of the incident 

5 reference beam upward (as viewed in FIG. 2) toward the 
detector 1 1 2, and transmits the remainder (90 to 95 per- 
cent) of the reference beam. The detector 112 detects 
the reflected portion of the reference beam. In one 
embodiment, the detector 112 is an InGaAs detector 

10 focusing on the infrared spectrum and having a built-in 
amplifier to minimize noise interference. Such a detector 
is commercially available as part no. SD 6085 from 
Advanced Photonics of Camarillo, California. In an alter- 
native embodiment, the detector 112 does not include a 

is built-in amplifier. Instead, since the detected radiation is 
relatively weak (as low as less than one percent of the 
first-order reference beam), a lock-in amplifier 128 cou- 
pled to the detector 1 1 2 is used to measure the detected 
radiation without noise interference. As is conventional, 

20 the amplifier 1 28 uses some form of automatic synchro- 
nization with an external reference signal, such as the 
RF tuning signal from the RF source 116. 

The control unit 118, which is communicatively cou- 
pled to the lock-in amplifier 128, measures the amount 

25 of radiation detected by the detector 1 1 2. For typical ref- 
erence readings, the shutter 106 remains open and the 
shutter 108 remains closed for a few seconds or less. 

To take sample measurements, the shutter system 
simultaneously closes the shutter 106 and opens the 

30 shutter 1 08. In this case, the closed shutter 1 06 prevents 
any of the first-order reference beam with "P" polariza- 
tion from reaching the detector 112. The first-order sam- 
ple beam is focused by a converging lens 130 onto the 
sample via a conventional mirror 1 32 and the beam split- 

35 ter cube 110. The converging lens 130, as well as the 
converging lens 122, are each commercially available as 
part no. LDX 069 from Melles Griot of Irvine, California. 
The mirror 1 32 reflects the sample beam in the direction 
of the polarizing beam splitter cube 110. Referring to 

40 FIG. 3, the polarization of the sample beam is orthogonal 
to the "P" polarization of the reference beam. Also, the 
polarization of the sample beam is orthogonal to the 
plane of incidence of the sample beam, where the plane 
of incidence is defined as a plane containing the direction 

45 of propagation of the sample beam striking the beam 
splitting face 126 and a line perpendicular to that beam 
splitting face 126. As defined by the beam splitting face 
126, this polarization is commonly referred to as an "S" 
polarization. As viewed in FIG. 2, the plane of incidence 

so is the plane of the page and the "S" polarization of the 
sample beam is perpendicular to the plane of the page. 

The angled face 126 of the polarizing beam splitter 
cube 110 reflects most of the incident sample beam 
downward (as viewed in FIG. 2) toward the sample at a 

55 angle of 90 degrees relative to the sample. The sample 
specularly and diffusely reflects the incident portion of 
the sample beam back upward (as viewed in FIG. 2) 
toward the polarizing beam splitter cube 1 1 0 at the same 
90 degree angle relative to the sample. The polarizing 
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beam splitter cube 1 10 prevents the detector 1 12 from 
receiving the specular reflections. In particular, since any 
specular reflections from the sample retain, by definition, 
the "S" polarization, the splitter cube 110 reflects these 
specular reflections back out of the cube 110 along the 5 
path that the sample beam entered the cube 1 10. On the 
other hand, the randomly polarized diffuse reflections 
are precipitated by the targeted analyte in the sample. 
Instead of comptetely discarding these diffuse reflec- 
tions, approximately 50 percent of the randomly polar- 10 
ized diffuse reflections are transmitted through the cube 
1 10 toward the detector 1 12. The detector 1 12 detects 
these reflections transmitted through the cube 110, and 
the control unit 118 measures the amount of radiation 
detected by the detector 1 1 2. The control unit 1 1 8 com- 15 
pares the detected radiation from the sample with the 
previously measured reference value to quantitatively 
determine the concentration of the targeted analyte in 2. 
the sample- 
It should be apparent from the foregoing description 20 
that the reflectance spectrometer 100 employs both of 
the orthogonally-polarized first-order beams from the 
AOTF 104. One of these first-order beams is used as the 
reference beam, while the other of the first-order beams 
is used as the sample beam. The spectrometer 100 25 3. 
employs the single detector 1 1 2 for detecting portions of 
both the reference beam and the sample beam. Moreo- 
ver, using the polarizing beam splitter cube 110, the 
spectrometer 100 is capable of illuminating the sample 4. 
at a 90 degree angle relative to the sample and detecting 30 
the randomly-polarized diffuse reflectance from the sam- 
ple at the same 90 degree angle relative to the sample. 
The polarizing beam splitter cube 1 10 also permits the 
spectrometer 100 to minimize the amount of specular 
and surface reflectance that reaches the detector 1 1 2. 35 

While the present invention has been described with 5. 
reference to one or more particular embodiments, those 
skilled in the art will recognize that many changes may 
be made thereto without departing from the spirit and 
scope of the present invention. For example, the shutter 40 
18 in FIG. 1 may be relocated to a region between the 
splitter cube 20 and the optical fiber 38. Furthermore, 
although the beam splitters 20 and 22 in FIG. 1 and the 
polarizing beam splitter 1 10 in FIG. 2 are illustrated as 
cubic in shape, non-cubic beam splitters may also be 45 
employed. Each of these embodiments and obvious var- 
iations thereof is contemplated as falling within the spirit 
and scope of the claimed invention, which is set forth in 
the following claims. 6, 

50 

Claims 

1 . A dual beam tunable spectrometer comprising: 

a radiation source generating a incident radi- 
ative beam; 55 

generating means, including a acousto-optic 7. 
tunable filter, for receiving said incident radiative 
beam and generating therefrom a reference beam 
and a sample beam; 



a detector for detecting at least part of said 
reference beam, and for detecting at least part of 
said sample beam emitted from a sample following 
illumination of the sample with said sample beam; 
and 

a shutter arrangement including a first shutter 
selectively permitting passage therethrough of said 
part of said reference beam and a second shutter 
selectively permitting passage therethrough of said 
part of said sample beam, said shutter arrangement 
opening said first shutter and closing said second 
shutter to permit said detector to detect only said 
part of said reference beam, said shutter arrange- 
ment closing said first shutter and opening said sec- 
ond shutter to permit said detector to detect only 
said part of said sample beam. 

The spectrometer of claim 1 , wherein said acousto- 
optic tunable filter processes said incident radiative 
beam into a zero-order beam, a first polarized first- 
order beam, and a second polarized first-order 
beam, said first first-order beam being orthogonally- 
polarized relative to said second first-order beam. 

The spectrometer of claim 2, wherein said first first- 
order beam is said reference beam and said second 
first-order beam is said sample beam: 

The spectrometer of claim 3, further including a 
polarizing beam splitter disposed between the sam- 
ple and said detector, and further including convey- 
ing means for directing said reference beam and 
said sample beam into opposite sides of said polar- 
izing beam splitter. 

The spectrometer of claim 4, wherein said polarizing 
beam splitter is oriented relative to the polarizations 
of said reference and sample beams so as to convey 
said part of said reference beam toward said detec- 
tor when said first shutter is open and to convey a 
substantial portion of said sample beam onto the 
sample when said second shutter is open, and 
wherein said polarizing beam splitter receives radi- 
ation reflected from said sample and conveys a ran- 
domly-polarized diffusely-reflected portion of said 
radiation to said detector when said second shutter 
is open. 

The spectrometer of claim 5, wherein the polariza- 
tion of said reference beam is parallel to its plane of 
incidence relative to said polarizing beam splitter, 
and wherein the polarization of said sample beam 
is orthogonal to its plane of incidence relative to said 
polarizing beam splitter. 

The spectrometer of claim 4, wherein said conveying 
means includes a converqmg lens and a mirror. 
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The spectrometer of claim 1, further including a 
radio frequency source coupled to said acousto- 
optic tunable filter, said radio frequency source sup- 
plying said acousto-optic tunable filter with a radio 
frequency tuning signal to control wavelengths of 
said reference beam and said sample beam. 



18. 



includes a second converging lens and a second 
optical fiber. 

The spectrometer of claim 16, wherein said second 
shutter is disposed between said second conveying 
means and said second beam splitter. 



9. The spectrometer of claim 1 , wherein said acousto- 
optic tunable filter produces a first-order beam, and 
wherein said generating means includes a first 10 
beam splitter for splitting said first-order beam into 
said reference beam and said sample beam. 



1 0. The spectrometer of claim 9, further Including a first 
optical fiber receiving said sample beam from said 75 
first beam splitter and conveying said sample beam 
to said sample, and a second optical fiber receiving 
radiation emitted from said sample. 



11. The spectrometer of claim 10, wherein an output end 20 
of said first optical fiber and an input end of said sec- 
ond optical fiber are arranged on opposite sides of 
the sample so that said second optical fiber receives 
radiation transmitted through the sample. 

25 

1 2. The spectrometer of claim 10, wherein an output end 
of said first optical fiber and an input end of said sec- 
ond optical fiber are arranged on the same side of 
the sample so that said second optical fiber receives 
radiation reflected from the sample. 30 

1 3. The spectrometer of claim 9, further including a sec- 
ond beam splitter disposed adjacent to said detec- 
tor, said second beam splitter conveying said part of 
said reference beam toward said detector when said 35 
first shutter is open, said second beam splitter con- 
veying said part of said sample beam toward said 
detector when said second shutter is open. 



1 4. The spectrometer of claim 1 3, further including con- 40 
veying means for directing said reference beam from 
said first beam splitter to said second beam splitter, 
said first shutter being disposed between said first 
beam splitter and said second beam splitter. 

45 

15. The spectrometer of claim 14, wherein said convey- 
ing means includes a converging lens. 



16. The spectrometer of claim 13, further including first 
conveying means for directing said sample beam so 
from said first beam splitter to the sample, and sec- 
ond conveying means for directing said part of said 
sample beam from the sample to said second beam 
splitter. 

55 

1 7. The spectrometer of claim 1 6, wherein said first con- 
veying means includes a lirst converging lens and a 
first optical fiber, and said second conveying means 
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(54) A dual beam tunable spectrometer 

(57) A dual beam tunable spectrometer (10) com- 
prises a radiation source, generating means, a detector, 
and a shutter arrangement. The radiation source (12) 
generates an incident radiative beam. The generating 
means, which includes an acousto-optic tunable filter 
(14), receives the incident radiative beam and gener- 
ates therefrom a reference beam and a sample beam. 
The detector (24) detects at least part of the reference 
beam, and detects at least part of the sample beam 
emitted from a sample following illumination of the sam- 
ple with the sample beam. The shutter arrangement 



includes a first shutter (16) selectively permitting pas- 
sage therethrough of the part of the reference beam 
and a second shutter (18) selectively permitting pas- 
sage therethrough of the part of the sample beam. The 
shutter arrangement opens the first shutter (16) and 
closes the second shutter (18) to permit the detector to 
detect only the part of the reference beam. Similarly, the 
shutter arrangement closes the first shutter (16) and 
opens the second shutter (18) to permit the detector to 
detect only the part of the sample beam. 
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